Abstract: In conventional visible light communication (VLC) dimming control systems utilizing pulse width modulation (PWM), reducing the duty cycle will push up the receiver sensitivity requirement if the transmission rate is kept constant. In this paper, we investigate a dimming control mechanism in indoor VLC to satisfy the receiver sensitivity requirement, which can achieve efficient data transmission while maintaining communication quality. To transmit excess signals, we propose a modification based on a conventional PWM scheme, which combines multi-pulse position modulation (MPPM) dimming control pulses with orthogonal frequency division multiplexing (OFDM) signals. Numerical results show that by utilizing the MPPM pattern effect, excess signals are transmitted, which can reduce the quadrature amplitude modulation (QAM) symbol rate and alleviate the receiver sensitivity requirement under a steadily high data rate and a bit error rate (BER) that is less than 10 À3 .
Introduction
Light-emitting diodes (LEDs) are expected to be the substitute for conventional incandescent and fluorescent lamps due to their lower power consumption, high efficiency, and longer lifetime [1] . Visible light communication (VLC) based on white LEDs has ushered in its own era with the advantages including unregulated huge spectrum, immunity to radio frequency (RF) interference, security against eavesdropping, etc. [2] . As a bottleneck in conventional indoor VLC systems, the bandwidth of an LED has been recently increased from a few megahertz to several hundred megahertz by techniques such as using a blue filter at the receiver and designing equalizer circuit, which makes hundreds of Megabits-per-second (Mbps) communication possible [3] , [4] . The application of orthogonal frequency division multiplexing (OFDM) technique can further overcome the problem of LED frequency response characteristics and also counteract multipath effect caused by indoor light reflection. Thus, futuristic indoor VLC systems are expected to be based on OFDM [5] - [7] . On the other hand, dimming control function is indispensable for the convenience of daily life and for the purpose of saving energy [8] - [10] . It is reported that almost a fifth of the total generated electricity is used for lighting purposes [9] . Therefore, when designing futuristic high speed VLC systems, it is important to make some explorations on the integration of dimming control support and advanced modulation formats such as OFDM for the advantages of both.
Pulse width modulation (PWM) and pulse amplitude modulation (PAM) are usually adopted for dimming control [10] . PAM changes the brightness by varying LED current but it tends to cut the lifespan of LEDs and also challenges the accuracy of LED current [10] , [11] . Thus, PWM, which dims LEDs by varying the duty cycle of signal pulses, is more widely used [11] - [14] . In order to give considerations to integrating dimming control support and high-efficiency modulation formats, a method combining PWM and discrete multi-tone (DMT) modulation was proposed in [13] , but this method degrades data transmission, unless the line rate of dimming modulation is at least twice the frequency assigned to the largest multi-tone subcarrier, which is hard to realize. In [14] , a promising scheme combining variable M-ary quadrature amplitude modulation (M-QAM) OFDM with PWM was proposed to reduce symbol rate and required LED power, which is much easier for system implementation and more power-saving compared to on-off-keying (OOK) signal transmission. However, in this scheme, OFDM signal is only transmitted during the "on" period of PWM pulses. Thus, data rate is still inversely-proportional to the duty cycle for maintaining constant rate transmission. When reducing duty cycle, the required symbol rate will be greatly increased, which pushes up receiver sensitivity requirement. In [15] , a novel reverse polarity optical OFDM (RPO-OFDM) method was proposed to utilize the full cycle of PWM pulses, which increases the transmission efficiency. However, the brightness level is limited within a range, e.g., from 7% to 93%, and it is not consistent with duty cycle unless the duty cycle is at 0.5. Hence, the discussion in this paper still depends on the method in [14] which only utilizes the "on" period of PWM.
At first, we investigate a mechanism in the PWM dimming control systems to satisfy receiver sensitivity requirement. This mechanism allows transmitted data rate to decrease for reliable communication quality while keeping data rate maximum. However, the maximum allowable data rate will still be reduced if shortening the duty cycle for the dimming control purpose. When duty cycle is really small, low data rate will be unacceptable.
In order to transmit excess signal, we propose a modification based on conventional PWM dimming control scheme proposed in [14] . By dividing PWM pulses into multi-pulse position modulation (MPPM) pulses with the same duty cycle, we combine the variable M-QAM OFDM signal with MPPM light pulses. Therefore, MPPM pattern effect is utilized and the reduced data rate mentioned above due to dimming control can be compensated for. Although MPPM was first proposed to improve band-utilizing efficiency in optical pulse position modulation in [16] and there have been many MPPM variations used in VLC dimming control systems [17] - [21] , to the best of our knowledge, this is the first time MPPM dimming control has been utilized in an OFDM-based VLC system. Numerical results show that our proposed scheme can carry excess information bits and thus reduce both symbol rate and receiver sensitivity requirement. Additionally, the range of constant rate transmission is stretched, which makes steady high data rate transmission under bit error rate (BER) less than 10 À3 easier to be achieved. The rest of this paper is organized as follows. In Section 2, we investigate the dimming control mechanism in the PWM systems to satisfy receiver sensitivity requirement. In order to transmit excess signal, the novel dimming control scheme combining OFDM and MPPM is proposed and explicitly explained in Section 3. Section 4 gives the performance analysis in detail, and Section 5 gives our conclusion.
Mechanism to Satisfy Receiver Sensitivity Requirement
Generally, there are two types of indoor VLC propagation: line of sight (LOS) and non-LOS. As revealed in [2] , the proportion of LOS can be more than 95% of the light collected by optical receiver. Therefore, we assume the reflection of walls, ceiling and floor is so faint and only deal with flat fading channel. (A similar approach is taken in [13] and [14] .) For further discussion, the non-LOS effect will be considered. In this paper, the LED source is assumed to have a Lambertian radiation pattern and the channel DC gain is described by [2] 
where m is the Lambert coefficient of transmitter, A is the physical area of detector, d is the transmission distance, is the angle of irradiance, is the angle of incidence. The received carrier power can be given by P r ¼ Hð0ÞP t , where P t is the LED lamp power without modulation. It is worth noting that the DC-bias used in this paper is the operation point (average current) of the LED, which is different from the maximum allowed LED current I H of the RPO-OFDM method in [15] . After photo-detection, assuming the DC component is filtered out, the signal-tonoise ratio (SNR) of the output electrical signal can be written as
where R is the responsivity of photo-detector, M index is the modulation index, and f ðt Þ is the normalized signal, respectively. The noise variance 2 consisting of both shot noise and thermal noise can be seen as a function of equivalent noise bandwidth B and received carrier power P r [2] , which is written as 2 ðB; P r Þ ¼
where I bg is the background current, and I 2 is the noise bandwidth factor, respectively. Note that the thermal noise 2 thermal is also a function of variable B. In order to keep constant rate transmission in conventional PWM systems, the required M-QAM symbol rate R 1 should be inversely-proportional to the duty cycle D, which can be described as R 1 ¼ R 0 =D. Here R 0 is the initial symbol rate at the duty cycle of 1. Thus, the reduction of duty cycle will cause a large increase of symbol rate. Consequently, the noise power in terms of symbol rate is affected. Considering the BER of M-QAM given by [22] , the BER upper bound of a VLC system can be given as
By applying Reed-Solomon forward error correction (FEC) code, BER less than 10 À3 is usually required to achieve reliable transmission [23] . Thus, the receiver sensitivity requirement P sen to achieve this target BER can be calculated from
From (5), if duty cycle is reduced due to dimming control, the increased symbol rate will push up receiver sensitivity requirement. For a given light source in a certain channel model, the received optical power is fixed. If it is lower than the required sensitivity, keeping reliable transmission is impossible. In order to satisfy BER less than 10 À3 , the total number of transmitted bits should be adjusted according to the P sen . This means i) constant rate transmission can be achieved at large duty cycle, and ii) data rate should be reduced so that only a proportion of the total bits can be transmitted at small duty cycle. For a given VLC system, the turning point D T of duty cycle should be calculated by solving
Fig . 1 shows the mechanism to adapt transmitted data rate for receiver sensitivity requirement. When duty cycle exceeds D T , constant rate transmission can be realized. However, when duty cycle is less than D T , data rate should be reduced accordingly to adapt for receiver sensitivity requirement. This mechanism can be further described by a fragment expression as
If the transmitted symbol rate is always kept less than R max , BER less than 10 À3 can be achieved within the whole range of duty cycle from 1 tending to 0. Thus, this scheme can keep reliable communication quality and maximize data rate at the same time. Note that in this paper the target data rate desired by user terminal is assumed to be the initial rate at the duty cycle of 1 without dimming control. When duty cycle is increasing from 0 tending to 1, the data rate should also be compromised and the main constraint is still the required sensitivity. As long as receiver sensitivity requirement is met, BER less than 10 À3 can be always achieved.
MPPM Dimming Control Scheme
In Section 2, we have investigated an efficient mechanism to satisfy receiver sensitivity requirement. However, according to (7) , low symbol rate is still unacceptable if duty cycle is small. Therefore, extra information bits should be transmitted in an alternative way to compensate for the reduced symbol (or data) rate. To solve this problem, in this section, we propose a scheme to combine variable M-QAM OFDM signal with MPPM dimming control pulses. Take Fig. 2(a) as an example. Variable M-QAM OFDM signal is transmitted on the PWM dimming control pulses [14] . When the duty cycle of PWM pulses is 1, the required symbol rate can simply remain constant and there is no need and no space for excess signal transmission. When we dim the LED brightness and reduce the duty cycle to 0.5, the required symbol rate should be twice as high as the initial symbol rate to keep constant bit rate, which pushes up receiver sensitivity according to (5) . However, the reduction of duty cycle also produces extra spaces. These spaces can be utilized for generating different patterns to carry more information, which we call pattern effect. Thus, by dividing PWM pulses into multi-pulses and rearranging them in the different time slots of a MPPM symbol with the same duty cycle, the generated pattern effect can be utilized to transmit excess signal without changing the LED brightness. As shown in Fig. 2(a) , each MPPM symbol with two pulses of four slots is denoted as a (4, 2) MPPM symbol, which can transmit extra log 2 6 bits beyond conventional PWM signal. It is worth mentioning that a further investigation on combining MPPM with the RPO-OFDM method in [15] would be interesting, but we do not discuss this in the current paper. For a ðn; pÞ MPPM symbol, the LED brightness is controlled by the duty cycle D, which is equal to p=n. The excess data rate contributed by a ðn; pÞ MPPM symbol can be represented as
where T PWM represents the original PWM pulse duration without dimming control. The reduced data rate due to the dimming control mechanism in Section 2 can be compensated for by using excess MPPM transmission. Additionally, for a steady transmission link, the excess information carried by MPPM patterns can reduce the required M-QAM symbol rate since the consolidated data rate is constant. Consequently, the noise power in terms of symbol rate is reduced and thus an improvement in receiver sensitivity requirement can be achieved according to (5) by using excess MPPM transmission. Fig. 3 shows the proposed system schematic combining MPPM and OFDM. When conducting dimming control, bipolar data stream at the transmitter is divided into two parts during each MPPM symbol period. One part is modulated into DC-biased optical (DCO-) or asymmetrically clipped optical (ACO-) OFDM signal and the other is mapped into different MPPM patterns. Then the intensity modulated OFDM signal is loaded onto the "on" period of MPPM pulses and they are combined into a current to modulate the LED. As an example, Fig. 2(b) shows the schematic diagram of bipolar OFDM signal transmitted on two different (8, 6) MPPM patterns. If OFDM symbol duration is less than one MPPM chip length, the sampling rate will be very high, which is not practical. Thus, OFDM symbol should include several MPPM chips. In this paper we consider two cases: i) OFDM symbol duration is equal to MPPM pattern period; ii) OFDM symbol duration is larger than MPPM pattern period with integer x multiples. These two cases are simpler to be realized because both branches of signal can arrive at the receiver at the same time and either one does not need to wait the other for further data combination. The OFDM symbol duration is suggested to be long so that one or less than one OFDM sampling point will be distributed on each MPPM chip. This is helpful for receiver to oversample OFDM signal via zero padding for 2 N fast Fourier transform (FFT). The output electrical signal at the receiver is given by
ðif no pulse is transmittedÞ.
Here, nðt Þ is the noise amplitude. The discrete output of slot q after the integrator is represented as
where T s is the sampling interval. MPPM and OFDM signals should be demodulated separately and we can propose to use the following steps: a) Integrate the received signal amplitudes in each slot; b) select the maximum p values within each MPPM frame and decode MPPM signal; c) conduct FFT on 2 N data points consisting of p or xp OFDM signal values and zero padding; d) decode M-QAM and combine the recovered data stream from OFDM and MPPM signals. A DC term will emerge at the zero subcarrier after step c) but will not affect modulated subcarriers. Finally, the original data stream can be obtained.
Assuming compensated distortion and perfect synchronization, bit error occurs when one or more optical pulses are lost and thus the system BER can be given as
where is the number of photons each optical pulse contains. The coefficient MPPM;k and ICI;k respectively denote the impact during MPPM signal recovery and OFDM inter-carrier interference (ICI) when k pulses are distorted or lost, both of which are from 1 to 0 and decrease with the increase of k . Here we consider a scenario when no MPPM pulse is lost. This means both MPPM;0 and ICI;0 are equal to 1. When OFDM symbols are modulated onto MPPM dimming control pulses, the intensity of DC-bias is usually large enough so that additive Gaussian noise can be ignored. This means (11) can be simplified as
We can see the BER of the proposed dimming control scheme in Fig. 3 is lower than the conventional PWM scheme under this scenario. If system is out-of-sync, a lot of random errors will burst and BER will go beyond the threshold. This can be solved by system restart or resynchronization. Preliminary results in [24] also show that MPPM patterns with continuous pulses should be selected to minimize BER. However, since the analysis in this paper is based on the limitation maximum data rate and all chip combinations are considered, designing special chip combinations will weaken the extra data transmission carried by MPPM. Other synchronization strategies such as method in [25] may be useful, but they are out of the scope of this current paper.
In order to achieve high transmission efficiency, the width of optical pulses can be set sufficiently narrow for more patterns so that the receiving photo-detector can scarcely detect them [16] . For our scheme in Fig. 3 , there are two ways to increase the number of total patterns so as to achieve higher efficiency without changing the LED brightness: i) multiplying both n and p in (8) by the same ratio and ii) dividing each PWM pulse into several MPPM sub-symbols instead of only one. However, the on-off transient of the LED will affect the signal if optical pulses are very narrow. As mentioned above, OFDM symbol duration is expected to be long for conducting FFT and the probability to sample on the pulse edge is thus relatively small. The resulted OFDM ICI has been included in (11) . Long OFDM duration is also beneficial to increasing transmission efficiency by reducing the proportion of guard interval penalty. On the other hand, long OFDM symbol means latency of signal processing since the demodulation of OFDM requires an entire symbol to be received. Therefore, there exists a trade-off. The slot number within one PWM/MPPM period also depends on several factors including the number of dimming levels (the multiples of 3 or 4 or 5), the system memory length for storing MPPM patterns and LED bandwidth. In theory, if we carefully choose the MPPM symbol duration T MPPM and slot number, extra data bits carried by MPPM patterns can effectively compensate for the reduced data rate due to dimming control and help to keep constant rate transmission. The relationship of these parameters should be given as
Here R 1 and R 0 are the required QAM symbol rate with and without dimming control, respectively. Since the sensitivity requirement in (5) depends on both variable M-QAM level and transmitted symbol rate, (12) can be further written as
where M 0 and M 1 are the variable M-QAM level before and after applying MPPM dimming control, respectively. From (13) we can see, there exists several different groups of M 1 and R 1 for constant rate transmission and each group will generate a unique sensitivity value. For the consideration of saving energy, we should choose the group of parameters to achieve the minimum receiver sensitivity under every duty cycle, which is called energy optimization.
Numerical Results and Discussion
In this section, DCO-OFDM signal is transmitted on PWM pulses and MPPM pulses before and after conducting dimming control, respectively. The parameters of VLC system configuration are listed in Table 1 . Actually, utilizing blue filer at the receiver can already extend the modulation bandwidth to approximately 20 MHz [3] . The initial consolidate rate considered in this paper is 50 Mb/s (the same as [14] ), which is far lower than hundreds of Mbps and not very high as we assume. Besides, even if some subcarriers are beyond LED 3-dB bandwidth, the target BER Parameters of indoor VLC system configuration magnitude of 10 À3 without FEC is not difficult to obtain either. Thus, we assume the LED bandwidth to be about several tens of megahertz and we believe this is practical in the futuristic high speed VLC systems. As shown in Fig. 4 , the increased data rate caused by dimming control will push up receiver sensitivity requirement. We can also observe a higher sensitivity requirement when using higher M-QAM levels under each duty cycle. Therefore, high order M-QAM should be avoided whenever possible, which is consistent with the goal of energy optimization. Fig. 5(a) shows the maximum data rate (along the sensitivity boundary) and dimming control process to keep BER less than 10 À3 . Here, we assume the launched LED power is 1.5 W, initial data rate without dimming control is 50 Mb/s and 4-QAM DCO-OFDM signal is transmitted. When the duty cycle is reduced from 1 to 0.48, data rate can remain constant. When the duty cycle is reduced to less than 0.48, data rate should be decreased to adapt for receiver sensitivity requirement, which agrees with (7). The dimming control region also demonstrates where dimming control can be conducted to keep reliable communication quality. Considering the cases of different LED powers and initial data rates without dimming control, Fig. 5(b) shows the maximum data rate and dimming control process to guarantee BER less than 10 À3 . The launched LED power (in W) and corresponding received optical power (in dBm) are given in the box. Solid and hollow curves represent the initial data rate of 50 Mb/s and 100 Mb/s before dimming control, respectively. We can observe the maximum data rate depends on both initial data rate and received optical power.
In Fig. 6 , the constant data rate is set at 50 Mb/s during the whole dimming control process. The frequency of original PWM pulses is set at 200 kHz to avoid flickering. The variable M-QAM levels on original PWM signal under each duty cycle are given in Table 2 . After dimming control, the MPPM duration and variable M-QAM levels are kept the same with PWM scheme for comparison. Each MPPM symbol contains more than 50 slots for producing considerable number of patterns to stabilize the consolidated rate. From Fig. 6 , a significant reduction of M-QAM symbol rate is achieved by utilizing MPPM pattern effect. Although the required symbol rate is dynamically changed, it is still within a certain range, which is not larger than the original symbol rate, but larger than 60% of the original symbol rate. This makes dimming control scheme easy to be implemented. If we utilize a higher sampling rate at first, e.g., at the duty cycle of 1, it can still sample the OFDM signal with lower sampling rate at other duty cycles with acceptable cost. The high sample rate may also be helpful to recover the received signal. For a VLC terminal, continuous sampling rate adaption may be expensive and unnecessary. In order to avoid frequent continuous adaption, dimming level can be finite or discrete, which means LED has only several gears of duty cycle such as 0.1, 0.2, 0.3, and so on. For human eyes, smaller interval of duty cycle will have equivalent effect of continuous dimming control. Then it is not difficult to set up some groups of promissory parameters in the communication standard, including M-QAM level and sampling rate. Based on received optical power, the receiver can choose demodulation parameters. During the moment of dimming control, we may also consider uniform measures such as transmitting low data rate to keep communication quality until the brightness variation process is over. The issue of sampling rate adaption deserves further investigation, as it is an open question as to what scheme is better. Fig. 7 shows the sensitivity requirement under BER less than 10 À3 . Note that the constant transmission rate is set at 50 Mb/s, both PMW and MPPM frequency are set at 200 kHz and the slot number in each MPPM symbol is 100. Here, we discuss two different cases of variable M-QAM levels. If variable M-QAM levels in MPPM scheme are kept consistent with PWM scheme as in Fig. 6 , a comparatively small sensitivity improvement can be seen. For instance, when duty cycle is 0.6, the improvement is 0.51 dB. As duty cycle decreases, the improvement becomes smaller due to the reduced total number of MPPM patterns (we can see this as reduced C p n ), which suppresses the excess data transmission by MPPM. Thus, we search for proper M-QAM levels according to (13) to achieve the minimum receiver sensitivity under every Table 2 . We can see when duty cycle is 0.2, the receiver sensitivities of PWM scheme and optimized MPPM scheme are À11.60 dBm and À13.23 dBm, respectively. That means the corresponding LED powers are 16.9 W and 11.7 W, respectively. Since LED power should remain constant during the whole dimming control range to achieve BER under 10 À3 , lower LED power is required by using MPPM and thus the transmission power requirement can be reduced.
Considering different frequencies and slot numbers of MPPM patterns, Fig. 8 compares the required LED powers to meet BER less than 10 À3 . Here, the constant data rate is set at 50 Mb/s. To be fair, we fix the same MPPM chip duration, which means the frequencies of MPPM signal after dimming control are set at 200 kHz (with 100 slots) and 2 MHz (with 10 slots), respectively. Through the search process in (13), we find the optimized M-QAM levels of these two cases are the same, which is given in Table 2 . From Fig. 8 , we can see, by using 200 kHz MPPM signal with 100 slots, lower LED power is required compared with the 2 MHz MPPM case. Although the difference is not very obvious, it can be still explained by the expression of C xp xn > xC p n , which means 200 kHz MPPM patterns with 100 slots can carry more information. However, considering the need of real-time processing and limited storage capacity for MPPM patterns, the 2 MHz case is still preferred, regardless of slight energy penalty. Fig. 9 shows the excess data transmission by MPPM patterns. Here we assume that the LED power is limited to 1.25 W and 4-QAM DCO-OFDM signal is transmitted. Original PWM pulses under 200 kHz are divided into MPPM pulses with 10/30/50/100 slots, respectively. From Fig. 9 , the excess bits transmitted by MPPM patterns can effectively compensate for the reduced data rate caused by dimming control and stretch the range of constant rate transmission. For instance, when duty cycle is small, e.g., at 0.2, the low data rate of PWM will be almost doubled by MPPM excess transmission. MPPM with 100 slots can also help to extend the range of constant rate transmission to the minimum duty cycle at 0.38 compared to 0.61 of PWM scheme. Note that although this paper presents the highest limitation data rates, the maximum duty cycle does not mean the maximum possible data rate. Fig. 10 shows the theoretical BER performance of Fig. 9 under different duty cycles, which is always no more than 10 À3 . Here, perfect synchronization is assumed. Since reduced duty cycle means increased noise power according to (3), the constellations under different duty cycles are also demonstrated for comparison.
Conclusion
In indoor VLC systems, we investigate a dimming control mechanism to satisfy receiver sensitivity requirement. By reducing data rate along with the dimming control region, reliable transmission under maximum data rate can be achieved. However, when duty cycle is small, low data rate is still unacceptable. In order to compensate for the reduced data rate, we propose a method to combine variable M-QAM OFDM signal with MPPM dimming control pulses. By utilizing MPPM pattern effect, excess data transmission can be achieved and the reduced data rate due to dimming control can be compensated for. Numerical results verify that our proposed method can effectively reduce QAM symbol rate and receiver sensitivity requirement while stretching the range of reliable constant rate transmission. 
